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TEE  SOIiUBILITY  OF  LIQUIDS   IBT  LIQUIDS.      TES  PAHTinOIT 

OF  THE  lOWEB  ACIDS  BE!D¥EEU  WATEH  AlTD  COTSOITSEED 

OIL.     ALSO  THE  PAETITIOH  OF  POBMIC   ACID  BE- 

TWESn  MTEE  AUD  VAHIOUS  OHGAHIC  COM  - 

POUUDS. 

Introduction. 

Y/orlr,  was  recently  begrua  in  this  laboratory  by 
Wroth  and  Reid^  with  a  purpose  ot   gaining  an  idea  ot 
what  is  meant  by  in:finite  solubility.  The  lower 
alcohols  were  partitioned  between  cottonseed  oil  and 

water;  and  the  partition  law, 

Ca  _  r  _  Sa 

as  worlred  out  by  Jakowfein*  was  used  where  Ca  and  Cb 
are  the  concentration  of  C,  the  solute  in  the  solvents 
A  and  B,  respectively,  r  is  a  constant  ratio,  and  Sa 
and  Sb  are  the  solubilities  ot   the  solute  in  the  two 
solvents. 

Jakowkin'  determined  the  partition  coefficient  in 
the  casd  of  iodine  and  bromine,  between  water  and  (l) 
carbon  disulphide,  (2)  bromoform,  (3)  carbon  tetrachloride, 
Vi'lth  carbon  disulphide  and  water,  a  marked  decrease  of 


1.  J.  Am.  Ohem.  Soc.  38,  2316  (1215). 

2,  Zeit.  physikal.  chem. ,  18,  5S0  (1895) 


the  partition  ratio  occurs  with  dilution,  probably 
owing  to  the  decomposition  of  complex  molecules.  A 
similar  decrease  occurs  with  bromoform,  but  with  car- 
bon tetrachloride,  the  ratio  remains  almost  constant. 
In  saturated  solution,  the  partition  coefiCicient 
should  be  equal  to  the  ratio  of  the  solubilities  in 
the  two  solvents,  and  the  following  table  shows  that 
this  is  the  ease. 


Vater  and 


Solubility  ratio;  Partition  coefficient. 


Carbon  disulphide: 

Bromoform : 

Carbon  tetrachloride: 


679,0 

559.0 
89.6 


685,0 

558.5 

89.7 


In  this  work  it  is  necessary  to  have  the  solvents 
A  and  B  immiscible  »  Steiner  and  Gordon  have  shown 
that  the  solubility  of  gases  in  water  are  much  altered 
by  the  presence  of  even  small  amounts  of  salts  in 
solution.  More  recent  work  is  by  Harden  and  Dover  where 
the  solubility  of  lithium  chloride  in  ethyl  acetate  is 
decreased  about  90?^  by  the  presence  of  10^  of  benzene. 
This  plainly  shows  that  if  any  appreciable  amount  of  A 


1.  T^^ied.  Ann,  5E,  S75  (1894), 

2.  S.  physik  chem.  18,  520  (1895). 

3.  Am.,  chem.  Soc. ,  S9,  1  (1917), 


lissolves  in  B,  the  solTent  pov7er  of  B  for  C  is 
thereby  altered  and  "rice  versa".  In  this  ease  Sa 
and  Sh  would  be  the  solubilities  of  C  in  A  saturated 
solubilities  in  the  pure  solvent, 

Waddell ^  in  studying  the  partition  of  acetic 
acid  betvreen  benzene  and  water,  noted  that,  when  rauoh 
acetic  acid  is  present,  the  water  dissolves  consider- 
able benzene  and  vice  versa.  The  solubility  of  acetic 
acid  in  benzene  containing  considerable  water  would 
doubtless  be  quite  different  from  its  solubility  in 
dry  benzene. 

The  foimula  Ca/cb=  r  =  Sa/Sb  as  given  above  has 
five  quantities,  but  since  it  is  a  double  equation,  it 
is  only  necessary  to  determine  three  of  them  in  order 
to  calculate  the  other  two.  Simply,  measure  Ca  and  Cb 
and  consequently  find  r,  and  then  measure  Sa,  and  Sb 
is  calculated  at  once. 

This  suggests  a  method  for  finding  solubility 
numbers  for  very  soluble  liquids,  provided  that  we  have 
ideal  conditions,  i.e.  that  the  solvents  A  and  3  are 
totally  insoluble  in  each  other  even  when  considerable 
amounts  of  the  solute  are  present,  and  the  presence  of 
the  one  does  not  influence  the  solubility  of  the  solute 
in  the  other  •""^'^  +-Tipt  fi^pT-e  53  no  poljnnerization,  dis- 


1.  Jour,  phj-s,  chem. ,  2^   23;5,  1898. 


sociation  or  other  change  of  the  solute  in  either 
of  the  solvents. 

Of  course  these  conditions  are,  at  hest,  only- 
approximated  in  any  actual  case  and  hence  the  equation 
alDOve  can  give  only  approximate  results.   Ostwald' s 
dilution  law  has  rendered  valuable  service  in  the  study 
of  conductivities,  though  it  holds  strictly  for  ideal 
solutions  only  and  the  solutions  with  which  we  actually 
work  only  approximate  ideal  ones.  The  closer  we  get  to 
ideal  so'^utions  the  closer  does  the  dilution  law  hold, 
and  the  same  may  he  expected  of  solubility  relations. 

In  the  previou.s  study  the  lower  alcohols  were 
partitioned  between,  v/ater  a.nd  cottonseed  oil.   In  the 
first  part  of  the  present  investigation  the  lower  fatty 
acids  were  partitioned  between  water  and  cottonseed  oil 
while,  in  the  second  part,  formic  acid  was  partitioned 
betv/een  water  and  benzene,  toluene,  carbontetrachloride, 
carbonbisulphide,  and  bromofonn  to  find  to  what  extent 
the  figures  for  the  solubility  of  formic  acid  in  v/ater,  obtain- 
ed by  the  tise  of  various  solvents,  agree, 

MATERLAI.. 

Cottonseed  Oil  :   The  \Yessen  oil  was  used.   It  was  found 
to  have  an  acid  reaction.   In  order  to  eliminate  this  acid, 
it  was  shaken  with  a  dilute  solution  of  barium 


hydroxide  i^or  an  licur.  It  was  then  centriifTiffed  and 
:filtered,  when  it  gsve  a  perfectly  neutral  reaction. 
Formic  Acid;  It  was  distilled  under  reduced  pres- 
sure over  anhydrous  copper  sulphate.  Che  pressure 
used  was  1£0  mm,  when  the  acid  distilled  over  at  50"  • 
This  method  was  found  to  "be  a  very  satisfactoiy  one. 
Beginning  with  an  acid  89.2  percent  pure,  the  first 
distillation  results  in  an  acid  95,5  percent,  the 
second  98.2  percent,  and  the  third  distillation  gave 
an  acid  9§«99percent  pure.  This  acid  melted  at  8.35 ''• 
The  specific  gravity  was  found  to  he  l.ElVO^s',  ^'  This 

clclc/ 

anhydrous^ was  only  used  for  the  soluhility  work.  For 
the  partition  work  commercial  acid  was  used  since  it  was 
found  to  contain  only  water.  The  water  it  contained  was 
calculated  and  added  to  the  water  layer. 

Acetic  Acid  :  Like  formic  acid  the  commercial  acid 
was  used  for  the  partition  work.  For  the  solubility  the 
acid  was  purified  hy  freezing.  It  was  found  that  the 
numher  of  times  it  took  to  freeze  it  anhydrous  could  he 
cut  down  hy  introducing  a  crystal  of  the  acid  and  thus 
prevent  too  great  undercooling.  It  melted  at  16,7  , 
and  titrated  99,9  percent  pure.  Its  density  was  1.0445 
Propionic  and  Butyric  Acids;  These  acids  were  in- 
finitely soluble  in  "both  oil  and  water  and  thws  it  was 


1,  Amer.  Chem,  Jour,  46,  (iSll);  J,  1C85,  216, 
*.  J.  Chem,  Sec,  598  (1908), 


not  necessary  to  make  tliem  anhydrons.  As  their  densities  showed 
they  contained  only  water  as  an  impurity,  they  were  used  without 
purification. 

Isovaleric  Acid;  This  acid  was  distilled  four  times  over 
anhydrous  copper  sulphate,  when  it  was  found  to  titrate  99,98 
percent  pure,  and  had  a  density  ot   0,937lV» 

Organic  Solvents;  First  class  conmerical  grades  of  Benzene, 
toluene,  ^iylene,  Carhontetraohloride,  Carbondl sulphide,  and  Brom«- 
form  were  used.  To  insure  purity,  the  "boiling  points  and  densitiei 
were  taken  and  found  to  agree  7/ell  with  those  given  in  the  liter- 
ature, 

Waddell  found  in  his  investigation  that  the  same  partition 
coefficient  was  given  with  purified  benzene  as  with  commercial 
benzene. 

Standard  Solutions;  Standard  solutions  of  approximately 
m/lO  were  prepared,  and  frequently  standardized  •  The  solutions 
were  kept  in  large  stock  bottles  from  which  the  solutions  were 
siphoned  into  their  respective  burettes.  The  top  of  the  Barium 
hydroxide  bottle  and  burette  were  protected,  from  the  air  by  tubes 
containing  soda  lime. 

Water  ;  Freshly  distilled  water  was  used. 
Kerosene  Oil:  Commercial  kerosene  oil  was  distilled  and 
the  portion  obtained  between  180^  C  and  260°  C  was  used  in  the 
partition  work.   It  had  a  density  of  0,798^^ 


1,  Jour,  phys,  chem,  2,  233,  1895, 


PROCBDUBE 

The  filling,  shaking  and  oantrifiiging  ct  the  "bottles 
containing  oottonseed  oil,  water  and  the  respective 
acids  was  carried  out  approximately  as  the  former  work 
where  the  alcohols  were  used  instead  of  the  acids.  It 
seemed  necessary  to  shalce  the  acids  longer  than  the 
alcohols  to  ohtain  concordant  results.  The  centrifuge 
was  only  used  with  the  cottonseed  oil  and  water. 

Estimation  of  Acids  in  Oil  and  Bydrooarbon  Layers : 
The  oil  layer  containir"-  the  acid  was  drawn  off  by 
means  of  a  special p  '   ;,  shaped  on  the  order  of  the 
Ostwald  pycnometer.  An  amount  of  oil  was  taken  out  v/ith 
the  Til   sufficient  to  require  about  10  cc.  of  the 
barium  hydroxide  for  neutralization.  The  oil  was  put  in 
a  180  CO.  beaker  containing  about  30  cc.  of  distilled 
water  for  titration.  The  oil,  with  ordinary  stirring, 
failed  to  give  up  its  acid  promptly  making  the  titration 
slow  and  uncertain. 

A  mechanical  stiTTer  was  used  and  this  accelerated 
the  speed  with  which  the  acid  passed  from  the  oil  into 
the  water.  Even  under  these  conditions  theentl  point  was 
not  accurate  as  it  was  in  the  water.  In  spite  of  all 
efforts  the  oil  seemed  to  have  a  slight  tendency  to 
cling  to  the  acid.  The  organic  solvents  were  handled 


IQ 


similarly  to  the  oil  layer. 

Estimation  oj  Acid  in  lYater  Layer;   A  small  thin- 
walled  glass  "bull)  was  weighed,  partly  filled  from  the 
water  layer,  sealed  and  reweighed.  The  hxQb  was  then 
"broken  tinder  water  to  avoid  evaporation,  and  the 
amotint  of  acid,  which  it  contained  was  determined  "by 
titration* 

The   absolute  solubilities  of  formic  acid  and 
acetic  acid  in  cottonseed  oil  were  found  by  shaking  the 
cottonseed^ and  anhydrous  acids  in  the  constant  temper- 
ature both  for  four  hours,  and  then  estimating  the 
amount  of  acid  in  the  oil  layer  and  the  amount  ot 
oil  in  the  acid  layer  by  the  titration  method  as 
oust  described  •   The  absolute  solubility  of  formic 
acid  in  the  organic  solvents  used  and  the  solubili.ty 
of  the  solvents  in  the  formic  acid  was  carried  out 
in  a  similar  manner. 

The  results  are  given  in  the  table  belcw. 
There  are  no  omissions  in  the  results  obtained 

except  preliminary  experiments  with  acetic  acid  which 

was  used  for  trying  out  methods. 

In  column  1  is  given  the  concentrations  expressed 

in  grams  of  acid  per"  litre  of  water.  Columns  2  and  Z 


n 


give  the  weight  of  water  &nd  oil  used.  In  colxunn 
5  is  given  weight  of  acid  in  water  layer,  calcu- 
lated from  the  analysis  of  the  weighed  portion  ot 
the  water  layer,  while  in  Column  6  is  the  amount 
of  acid  for  the  total  oil  layer  fo-ond  in  the  same 
way.  Each  result  in  columns  5  and  5,  is  the 
average  of  determinations  from  two  samples  of  the 
water  or  oil  layer,  The  acid  determinations  in 
two  samples  of  the  same  water  layer  checked  within 
0,5^,  while  in  the  oil  layer  the  average  deviation 
of  the  two  deteiminations  of  the  same  layer  was 
ahout  ifo   •  The  sums  of  the  amounts  of  acid  given 
in  columns  5  and  6  are  given  in  column  7.  These 
sums  should  ec[ual  the  amounts  put  in,  which  are 
given  in  coluim  4.  In  the  dilute  solutions  the 
average  error  is  ahout  1  fo.     The  dif:?iculty  with 
the  oil  layer  partly  explains  this  deviation,  while 
the  greater  error  found  in  the  more  concentrated 
determinations  may  he  attrihuted  to  the  fact  that 

qis&o7ves 

one  solvent^  in  the  other  when  large  amoun'^3  ^f   ■^'"Id 
are  present. 

Columns  8  and  9  contain  the  amount  of  acid  calcu- 
lated, for  100  cc,  of  water  and  oil,  and  the  ratio  of  these 
is  given  in  Go7-Uiiin  10,  as  the  partition  ratio  hetv/een  oil 
and  water. 

The  tables  for  the  other  solvents  are  similarly 
arranged, 
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DISCUSSION  01"  RESUITS. 

The  partition  coefficient  law  and  the  Boedecker  modification 
C^j,t<T    =.  K   4t-  has  "been  discussed  by  Von  Gerogrevius,   He 
finds  for  partition  of  foirmic  acid  between  benzene  and  water  that 
x— 1,  that  is  ^hat  the  acid  is  equally  associated  in  both  solvents., 
By  freezing  point  experiments  he  showed  that  formic  acid  is  mono- 
molecular  in  benzene  and  hence  unassociated  in  water.   In  calculat- 
ing the  figures  in  the  last  column  of  the  above  tables  of  benzene,  ' 
toluene,  xylene,  carbontetrachloride,  and  bromoform,  the  equivalent 
formula  C  vtf*t.r   -=-  K,  has  been  used  and  the  value  of  y,  which 
gives  the  most  nearly  const§,nt  value  of  K  has  been  found  by  trial. 
For  partition  of  formic  acid  between  water  and  benzene,  toluene, 
and  carbontetrachloride,  the  best  values  of  y  appear  to  be  o,85  • 
The  xylene  gave  a  value  of  0.95  for  y,  while  the  bromoform  gave 
the  still  higher  value  of  1.4  . 

The  last  value  may  partially  explain  the  exception  ivhich  will 
be  referred  to  later  in  connection  with  the  bromoform  curve. 

The  results  are  brought  together  in  plotted  form  on  the 
following  pages. 

On  page  33  are  plotted  the  results  obtained  from  partitioning 
the  lower  fatty  acids  betv/een  cottonseed  oil  and  water.  The  numbe 
of  carbon  atoms  are  indicated  "bj   the  abscissas,  while  the  ordi-   i 


1.   Zeit.  Physik.  Oh em.  84.  353,  (1913), 
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netes  give  the  square  roots  of  the  partition  ratios.  The 
partition  ratios  used  for  the  different  acids  are  taken  at 
approximately  the  same  concentrations  —  300  g.  acid  per  kilo- 
gram of  water, 

The  next  plot  gives  the  resiilts  of  the  same  partition 
work  with  the  fatty  acids,  hiit  here  the  partition  ratios  of 
each  acid  is  plotted  against  the  corresponding  concentrations, 
expressed  in  grams  of  acid  per  100  g.  of  total  water  used. 

In  the  third  plot  are  found  the  results  which  are  obtained 
from  partitioning  formic  acid  between  water  and  the  solvents: 
benzene,  toluene,  xylene,  carbontetrachloride,  carbonbi sulphide, 
bromoform,  cottonseed  oil,  and  kerosene  oil.  The  prodf.cts  of 
the  solubility  of  fonnic  acid  in  the  different  solvents  and 
their  respective  ratios  have  been  plotted  against  the  concentra- 
tions expressed  in  grams  o^  acid  per  100  g.  of  total  water  used. 
The  last  plot  is  similar  to  the  third  where  acetic  acid  is 
used  instead  of  formic  acid. 

Experiments  showed  that  propionic,  butyric,  and  isovaleric 
acids  mixed  with  the  oils  and  also  with  the  organic  solvents  in 
all  proportions.  This  prevented  the  determinations  of  their 
direct  solubilities,  and  hence  it  was  not  possible  to  use  them  in 
solving  the  problem  in  question.  'Troth  and  Reid,  partitioned 
the  lower  alcohols  between  cottonseed  oil  and  water,  and  found 
that  the  ratio  decreased  as  the  number  of  carbon  atoms  increased. 
In  view  of  this  fret  it  was  interesting  to  see  if  a  similar  re- 
lation was  true  with  the  corresponding  acids  when  partitioned  be- 
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tween  the  same  two  solvents.  The  plot  found  on  page3Sshows 
thet  the  same  relation  was  found  as  in  the  case  of  the  alcohols. 

The  next  plot  shows  how  the  ra"tio«  vaiy  rith  the  concen- 
trations. The  acetic^ propionic ,  and  butyric  ccid  curves  have  a 
mininrom.   The  ratios  of  formic  acid  increase  regularly  with  con- 
centrations after  a  dilution  of  about  300  g,  acid  per  kilogram 
of  water  is  reached,  while  the  isovaleric  ratios  decreases  with  the 
increased  concentrations. 

Since  the  purpose  of  this  investigation  v/as  to  inquire  into 
the  nature  of  the  so-called  infinite  soluble  substances,  the 
partition  work  of  formic  acid  with  the  solvents  mentioned,  has  been 
plotted  as  shown  on  page 31  and  as  explained  on  page33 ,  The  ordinates 
would  then  seem  to  express  the  solubility  of  formic  acid  in  v;ater. 

If  formic  acid  has  a  definite  solubility  in  water,  it 
might  be  expected,  at  first  thought,  that  all  these  curves  should 
coincide;  but  when  the  many  influences  such  as  ionization,  associ- 
ation, hydration,  salt  effect,  etc.,  which  are  common  to  solutions, 
are  taken  into  consideration,  it  is  qiiite  plain  that  a  coincidience 
would  be  possible  only  under  ideal  conditions. 

It  T/as  expected  that  benzene,  toluene,  and  xylene  v/ould 
approach  most  nearly  to  ideal  conditions  since  the  three  com- 
pounds are  similar  in  their  chemical  nature.  From  the  figures 
it  appears  that  the  |>enzene  and  toluene  curves  run  nearly  parallel 
and  at  a  very  short  distance  apart,  and  that  if  prodticed,  they 
would  intersect  at  abou.t  1600, 
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It  is  remarkable  that  the  xylene  CTirve,  which  starts  much 
lower  and  -vith  the  opposite  curvature,  nms^to  the  "benzene  and 
toluene  cxirves  for  the  greater  concentrations. 

The  curves  for  carbontetra6hloride,  "benzene,  xylene,  and 
carbonbisulphide  show  a  tendency  to  converge  toward  a  point 
having  an  ordinate  of  about  1600.   This  would  indicate  a  solu- 
bility o:f  formic  acid  of  something  like  1600  g.  in  100  cc.  of 
water.   This  convergency  toward  a  common  value  would  lend  much 
support  to  the  idea  that  this  is  the  real  solubility  of  formic  acid 
in  water,  were  it  not  for  the  exceptions  which  appear  with  the 
other  oils.  The  curve  given  by  cottonseed  oil  starts  low,  but 
has  a  steady  upward  trend  and  might  possibly  be  supposed  to  approacl 
the  others  at  some  point  far  beyond  the  lirrdts  of  the  diagram. 
The  bromoforra  curve  is  of  the  same  form,  but  is  so  low  that  no 
approach  to  the  common  point  is  apparent.  This  is  all  the  more 
remarkable  as  bromoform  resembles  chemically  carbontetrachloride. 
On  the  other  hand  bromoform  has  a  far  greater  solubility  in  formic 
acid  than  the  other  solvents  used,   and  also  a  greater  exponent  in 
the  Boedecker  formula  as  mentioned  on  vaget^.     These  tvio   facts  may 
partially  expalin  its  anomalous  behavior.   The  kerosene  ciirve 
is  the  most  puzzling.  For  a  time  it  runs  close  to  the  carbonbi- 
sulphide  curve,  but  deviates  far  from  it  for  concentrated  solu- 
tions and  seems  to  take  a  direction  entirely  Eway  from  any  of  the 
others.   Since  kerosene  is  a  mixture  of  hydrocarbons  of  various 


1,   See  table  of  solubilities  below, 
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kinds,  its  exceptional  iDehavior  is  not  so  surprising. 

The  nert  set  of  curves  represent  the  results  obtained  from 
partitioning  acetic  acid  "between  rrater  and  cottonseed  oil  and 
kerosene  oil.   In  the  plotting,  the  ordinates  and  ahscissas  have 
the  same  significance  as  in  the  preceding  case.  These  curves 
appear  to  intersect  at  a  point  whose  ordinate  is  about  1800,  From 
what  has  been  said  in  the  preceding  case  this  would  indicate  that 
1800  grams  of  acetic  acid  should  dissolve  in  100  cc,  of  v/ater.  These 
two  solvents  have  offered  exceptions  in  the  case  of  formic  acid  - 
and  thus  it  is  not  safe  to  draw  very  definite  conclusions  from, and 
especially  since  the  data  are  so  meager.  Further  work  will  have 
to  be  done.   Thus  far  no  other  solvents  have  been  found  which  may 
be  used  with  the  acetic  acid. 

The  resiilts  obtained  show  that  we  are  dealing  vith  quite 
complex  phenomena,  which  will  reqtiire  much  work  before  they  are 
cleared  up.  The  work  is  being  continued  in  this  laboratory. 
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Sximmary, 

1.  The  partition  ratio  of  formic  ncid  bet^veen  vrater  and  the 
solvents,  "benzene,  toluene,  and  kerosene  decreased  with 
increased  concentration,  v/hile  it  increased  with  increased 
concentration  in  the  case  ■bromoform  and  xylene.  V;ith 
cottonseed  oil  the  ratio  seemed  to  have  a  minimum  • 

2.  The  partition  ratios  of  acetic,  propionic,  hutyric,  and 
isovaleric  acids  "between  water  and  cottonseed  oil  have  a 
minimum, 

3.  The  partition  ratio  of  acetic  acid  betxTeen  water  and  ker- 
osene oil  decreases  with  increased  concentration, 

4.  The  partition  ratios  of  formic,  acetic,  propionic,  "butyric, 
and  isovaleric  acids  "betv/een  cottonseed  oil  and  water  de- 
crease with  increasing  numher  of  Cc.r"bon  atoms. 


5.  Solubilities, 

Solvent 

g  HCOOH/iOOcc.  solvent 

— g. solvent /lOOec 
HCOOH 

Cottonseed  oil 

7.99 

K     A,  .......  . 

' Benzene  • 

12.56 

18.37 

11-05.-.. 

Toluene   

9.53 

2ylene  

7.50 -^ 8.78 

Carbontetrachloride  

5.35 1 8.55 

Carbonbi sulphide 

1.61 5.56 

Bromoform 

bo  TO,  180-260°. 
Keroseneo . , 

7.07 i 30.82 

0.78 1,90 

f-l 

6,  The  solubility  of  acetic  ecid  in  cottonseed  oil  and 
kerosene  oil  is  55,77  and  17. £1  g,  per  lOOcc.  of  the 
oils  at  25°  • 

7,  The  soluhility  of  isovaleric  acid  in  water  is  5.45  g, 
per  100  cc.  of  v/ater  at  25°  and  that  of  water  in 
isovaleric  acid  is  13  g.  per  100  cc.  isovaleric  acid  at  25*^ 

8,  By  using  the  ahove  data  an  attempt  has  heen  made  to 
calculate  the  ideal  soluhilities  of  the  lower  acids  in 
water. 
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